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The study o f  the pressure dependence o f  t e n s i l e  s t ress-s t ra in  
behavior o f  rec rys ta l l i zed  powder metal lurgy tungsten a t  room 
temperature and constant s t r a i n  r a t e  has been extended t o  environ- 
mental pressures up t o  11 k i lobars.  The discontinuous y i e l d  phenomena 
reported e a r l i e r  occurs a t  a l l  t e s t  pressures greater than some 
3 k i lobars;  t h i s  rep roduc ib i l i t y  o f  a y i e l d  drop i s  i n  marked contrast  
t o  the reported t e n s i l e  behavior a t  temperatures above the b r i t t l e -  
d u c t i l e  t r a n s i t i o n  a t  atmospheric pressure. The lower y i e l d  s t ress 
measured here i n  tension a t  h igh pressure and room temperature i s  
found t o  be i n  approximate agreement wi th  reported values from 
compression measurements a t  atmospheric pressure. However, the 
substructures developed dur ing p l a s t i c  s t ra in ing  a t  h igh pressure 
d i f f e r  w i t h  respect t o  d i s loca t i on  d i s t r i b u t i o n  and densi ty from those 
f o r  po l yc rys ta l l i ne  tungsten subjected t o  s i m i l a r  amounts o f  p l a s t i c  
s t r a i n  a t  h igher temperature a t  atmospheric pressure o r  s ing le  c rys ta l s  
a t  room temoerature. Correspondlng t o  the i n i t i a t i o n  o f  p l a s t i c  y ie ld ing,  
the reduct ion i n  area a t  f rac tu re  increases progressively w i t h  pressure 
but  w i t h  no ind ica t ion  o f  a b r i t t l e - d u c t i l e  t r a n s i t i o n  up t o  the highest 
pressure examined. Fracture occurs by a combination o f  in tergranular  
and transgranular cleavage over the whole pressure range. The op t i ca l  
and e lect ron microscopy observations o f  the f r e e  surface, f rac tu re  
surface and i n t e r i o r  ind ica te  tha t  the p r inc ipa l  i n i t i a l  e f f e c t  on 
f rac tu re  o f  increasing the environmental pressure i s  t o  i n h i b i t  the 
development o f  micro-cracks, but not t h e i r  catastrophic propagation. 
A t  the highest pressure, 1 1  k i lobars,  cracks develop but propagate only  
slowly. The relevance o f  these various observations t o  current  under- 
standing o f  f low and f rac tu re  i n  tungsten i s  discussed. 
I n  the study o f  the pressur izat ion e f fec ts ,  e a r l i e r  ca lcu lat ions 
have been revised t o  provide an improved basis f o r  i n te rp re ta t i on  o f  
the mechanism o f  pressure-induced d is loca t ion  generation. For the 
model system Fe-Fe C, the process o f  p l a s t i c  deformation i n  a 1.4 vol.% 
Fe3C a l l o y  dur ing $ensi le  s t ra in ing  fo l low ing  the in t roduc t ion  o f  mobile 
d is locat ions by pressur izat ion t o  20 k i lobars  has been re la ted  t o  the 
accompanying changes i n  d i s loca t i on  s t ruc tu re  and compared w i t h  s im i la r  
observations f o r  unpressurized specimens i n  order t o  c l a r i f y  the i n t e r -  
p re ta t i on  o f  the pressure ef fects .  
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I .  INTRODUCTION 
pal object ives o f  the present research program (which began 
(a) t o  extend the e a r l i e r  inves t iga t ion  o f  the pressure 
dependence o f  th-  f low and f rac tu re  behavior o f  tungsten i n  order t o  improve 
understanding and contro l  of such behavior a t  both high pressure and under 
ambient condit ions and (b)' t o  examine the mechanism o f  pressure-induced 
generation o f  d is loca t ions  a t  e l a s t i c  d i scon t inu i t i es  and the r e l a t i o n  
between such dis locat ions and the associated changes i n  the e a r l y  stages of  
p l a s t i c  deformation, i n  p a r t i c u l a r  i n  iron. Two graduate students have 
been involved i n  the research - Mr .  Das on the tungsten studies, and 
M r ,  Trester on i r o n  - w i t h  Professor S. V. Radc l i f f e  as p r inc ipa l  inves- 
t i ga to r .  
30 November 1967), Mr. Trester completed a Master of Science thesis based 
on research conducted under the NASA Grant and took up an i n d u s t r i a l  
research post. M r .  Das has recent ly completed a Ph.D. thesis based on the 
tungsten research and i s  continuing w i t h  the program for a period on a 
post-doctoral appointment. A paper e n t i t l e d  ' 'Effects o f  Hydrostat ic 
Pressure on the Mechanical Behavior o f  Tungsten" by C. Das and S.V.Radcliffe 
was presented a t  the Internat ional  Conference on the Strength of Metals 
and Al loys i n  Tokyo, Japan, i n  September 1967, and i s  being published i n  
the Transactions of  the Japan i n s t i t u t e  o f  Metals, Both Mr.  Trester and 
Mr. Das w i l l  present papers deal ing w i t h  aspects of the research a t  the 
1968 Annual Meeting of the Meta l lu rg ica l  Society o f  AlME i n  New Yotk next 
February. 
During the e a r l y  p a r t  o f  the present report  per iod (1 June 1967 - 
During the present six-month report  period, the research car r ied  
, out on mechanical behavior a t  pressure has been d i rec ted  p r i n c i p a l l y  
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t o  examining the mechanical behavior of recrys ta l l i zed  PM 
pressures up t o  1 1  ki lobars,  invest igat ing the associated 
tungsten a t  
deformat ion and 
f rac tu re  modes by means of  op t i ca l  and e lect ron microscopy techniques and 
comparing the behavior w i t h  tha t  as a funct ion o f  temperature a t  atmos- 
pher ic pressure. I n  the case o f  pressur izat ion phdnomena, the pressure- 
induced stress f i e l d  a t  an e l a s t i c  d iscont inu i ty  has been re-analyzed t o  
provide a more accurate quant i ta t i ve  basis f o r  a mechanism o f  d is loca t ion  
generation and, f o r  the model system Fe-Fe3C, the ea r l y  stages of t e n s i l e  
p l a s t i c  s t ra in ing  fo l lowing pressur izat ion have been invest igated i n  an 
attempt t o  examine d i r e c t l y  the r e l a t i o n  between the pressure-induced d is -  
locat ions and the changes i n  f low stress. 
I ! .  MECHANICAL BEHAVIOR OF TUNGSTEN 
AT HIGH PRESSURE 
On the i n i t i a l  study'') o f  the pressure dependence o f  the tens i le-  
stress behavior o f  tungsten, i t  was establ ished t h a t  up t o  3 k i lobars  only 
an increase i n  e l a s t i c  s t r a i n  t o  f rac tu re  i s  observed, but  that  discontinuous 
y ie ld ing  fol lowed by p l a s t i c  s t ra in ing  and work-hardening occur p r i o r  t o  
f rac tu re  f o r  both powder-metal lurgy (PM) and arc-cast recrysta l  1 ized 
tungsten. 
(96,000 p s i )  f o r  the PM tungsten and the f a c t  tha t  no pressure-induced 
d u c t i l e - b r i t t l e  t r a n s i t i o n  phenomenon was observed w i t h i n  the range o f  
pressure used are i n  marked contrast  t o  the resu l ts  obtained i n  more l im i ted  
studies by e a r l i e r  workers. 
The low value o f  y i e l d  stress a t  room temperature obtained here 
The current 
o f  PM tungsten over 
t ionship t o  changes 
study has been concerned t o  examine the t e n s i l e  behavior 
a wider range o f  environmental pressure and i t s  re la-  
i n  d is loca t ion  substructure. Tensi le tes ts  were 
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car r ied  out a t  room temperature and constant s t r a i n  r a t e  a t  pressures up to 
11 k i lobars.  The preparat ion o f  e lect ro-pol ished t e n s i l e  specimens o f  the 
PM tungsten, recrysta l  1 i t a t i o n  treatment (220OOC i'n vacuum f o r  1 hour), h igh 
pressure apparatus and operating procedures were s i m i l a r  t o  those already 
described"). 
and an improvement i n  the high-pressure seal f o r  introducing e l e c t r i c a l  
leads i n t o  the pressure chamber. 
a 
The only changes concerned the tes ts  a t  the higher pressures 
A t  pressures beyond some 8 kilobars,, the glass observation windows 
On the pressure chamber were replaced by su i tab le  s tee l  plungs because o f  
possible f rac tu re  which would cause sudden release o f  pressure and possible 
damage t o  the cyl inder,  the upper plunger and the load c e l l .  
straOn measurement a t  these pressures was r e s t r i c t e d  t o  elongation only. 
The improved arrangement developed f o r  seal ing e l e c t r i c a l  leads ( f o r  the 
measurement o f  the output o f  the load c e l l  and the manganin pressure 
transducer) i n  the upper plunger i s  shown i n  Figure 1, 
design developed by Pugh and co-workers(2) and used i n i  t i a l  l y here i s 
sat is fac to ry  i n  operation but d i f f i c u l t  t o  replace a f t e r  a lead fa i l u re ,  
The modi f icat ion involves the use o f  a s ing le  c e n t r a l l y  bored hole i n  the 
p i s ton  i n  place o f  the 6 holes i n  the e a r l i e r  design, A small conical 
s tee l  p lug o f  the same mater ia l  as tha t  o f  the plunger and contalntng 
Accordingly, 
The more complex 
surface is f i t t e d  w i t h  s i x  p las t i c -  
ued i n  the grooves w i t h  C-2 Armstrong 
50°F (65.5OC) f o r  1 hour, the excess 
epoxy i s  c a r e f u l l y  f i l e d ,  another layer  o f  f resh epoxy placed on the p lug 
and the gssembly inserted i n  the conical ho le i n  the upper plunger. 
F ina l l y ,  the upper plunger containing the s tee l  p lug w i t h  the e l e c t r i c a l  
leads i s  heated a t  l5O0F f o r  s i x  hours t o  ensure complete cure o f  the 
s i x  longi tud ina l  grooves on i t s  
coated copper wires (28 gage) g 
epoxy cement, A f t e r  cur ing a t  
s 
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epoxy, 
groove and the s tee l  p lug  provides adequate pressure seal ing up t o  
11 k i lobars,  i t  was found tha t  above 8 k i lobars  the e l e c t r i c a l  leads 
ins ide the groove o f  the p lug frequent ly broke g i v ing  an open c i r c u i t .  The 
breakage o f  the e l e c t r i c a l  leads was presumably due t o  t e n s i l e  stresses 
which developed due t o  the r e l a t i v e  displacement between the p lug and the 
conical  wa l l  a t  h igh pressure. By replacing the copper w i re  w i t h  stronger 
s tee l  wires (piano wire),  t h i s  t e n s i l e  f a i l u r e  has been avoided completely. 
Although t h i s  th in  layer of epoxy a t  the in te r face  o f  the conical  
The f ractured surfaces o f  the t e n s i l e  specimens were examined by 
e lect ron fractography using a two-stage r e p l i c a t i n g  technique. A d i l u t e  
so lu t i on  o f  rep1 i c a t i n g  tape (ce l lu lose acetate) i n  acetone was prepared 
and a drop spread on a piece o f  the tape placed on the f l a t  smooth sur- 
face o f  a glass s l ide.  An impression of the f ractured surface was then 
mad 
rep 
The 
was 
by pressing i t  i n t o  the drop. A f  
i c a t i n g  tape was pu l led  out gent ly  
region o f  the tape containing the 
cut by means o f  a scalpel t o  the s 
e r  the acetone evaporated, the 
from the surface o f  the specimen. 
mpression o f  the f ractured surface 
ze o f  a copper microscope gr id .  A 
t h i n  layer  o f  carbon together w i t h  plat inum f o r  'shadowing' was evapo- 
rated on t h i s  f i l m  and,f inal ly,  the p l a s t i c  tape was dissolved from the 
g r i d  by acetone vapor leaving the shadowed carbon rep l i ca  o f  the f ractured 
sur f  ace. 
Thin foils su i tab le  f o r  e lect ron transmission microscopy were pre- 
pared from the larger  tensi  l e  specimens by spark-machining tfiansverse di.scs 
approximately 0.020 in. thick and 0.125 in. diameter from the f ractured 
specimens, followed by spark-planing t o  approximately 0.010 in. th ick .  
The discs, which were of su i tab le  s ize  f o r  i nse r t i ng  d i r e c t l y  i n t o  the 
specimen holder of  the e lec t ron  microscope, were then thinned t o  f o i l s  
4 
c 
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by e l e c t r o l y t i c  jet-machining dimples on each face fol lowed by bath e lect ro-  
pol ishing. 
The various rep l i ca  and f o i l  specimens were examined i n  a JEM 6A 
c 
elect ron microscope using a goniometer stage (- 20° t i l t, 360° ro tat ion)  
and operated a t  100 kV. To minimize contamination problems, a 400 micron 
condenser aperture was used i n  conjunction w i th  a useful  beam current 
o f  l O O , ! ( , A .  
A. B las t l c  Y ie ld ing  
The resu l ts  o f  the measurements o f  the t e n s i l e  s t ress-s t ra in  
character is t ics  o f  the recrys ta l l i zed  PM tungsten as a funct ion o f  environ- 
mental pressure a t  room temperature are shown i n  Figure 2, including the 
previously reported(’) resul ts.  It i s  seen tha t  the discontinuous 
y ie ld ing  which occurs a t  5 k i lobars i s  followed by both p l a s t i c  s t ra in ing  
and work-hardening before f rac tu re  and tha t  w i t h  fu r the r  increase i n  
pressure t o  8 and 11 k i lobars,  the y i e l d  drop pers is ts  and the s t r a i n  t o  
f rac tu re  increases progressively. The rep roduc ib i l i t y  o f  the curves f o r  
a given pressure i s  close - w i t h  the exception o f  one o f  the 8 k i lobar  
runs I n  which the lower y i e l d  stress i s  some 4% less than f o r  the two 
other tes ts  a t  tha t  pressure. (While the  resu l t s  f o r  only one o f  the 
two runs made a t  1 1  k i lobars are shown i n  Figure 2 because o f  incomplete 
recording due t o  e l e c t r i c a l  f a u l t s  i n  the instrumentation i n  the other 
run, the reductions o f  area a t  f rac tu re  were i n  good agreement.) 
The discontinuous y i e l d  po in t  phenomenon observed i n  recrysta l -  
l i zed  PM tungsten a t  room temperature f o r  pressures of  5 k i lobars o r  
higher i s  reproducible i n  tha t  every specimen tested a t  5 k i lobars o r  
higher exhib i ted an abrupt y i e l d  drop. Thus, the observations made here 
‘r 
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are i n  q u a l i t a t i v e  agreement w i t h  the ~ r e d i c t i o n ‘ ~ )  made from the stress- 
dependence o f  d is loca t ion  ve loc i t y  i n  tungsten. The experimental evidence 
on which t h i s  p red ic t ion  was based i s  tha t  o f  Schalder and who 
studied the m o b i l i t y  o f  d is locat ions i n  tungsten s ing le  c rys ta ls  as a func- 
t i o n  o f  appl ied stress a t  77OK and 298OK by the etch p i t  technique. The 
re la t ionship between the experimental ly observed v e l o c i t y  and the appl ied 
stress causing motion o f  the d is locat ions was found t o  conform t o  
t = ( -”-)m , where i s  the average ve loc i ty ,  T t h e  applied shear 
stress and ‘ T i  the stress corresponding t o  u n i t  v e l o c i t y  and m an empir ical 
parameter describing the stress dependence (’I. 
are 5.0 and 14.0 a t  298’K and 77’K respectively. 
t i o n  dynamics 
m (120)  should e x h i b i t  a large abrupt y i e l d  drop when the i n i t i a l  den- 
s i t y  o f  mobile d is locat ions i s  small (10 - 10 cm ) *  Thus, both 
“CO 
The measured values o f  m 
According t o  dis loca- 
treatments o f  y ie ld ing  (6y7), mater ia ls w i th  low values o f  
3 4 - 2  
these condit ions are l i k e l y  t o  be met i n  tungsten where the  grown-in 
d is locat ions in te rac t  s t rongly  w i t h  impuri ty atoms, 
While the phenomenon o f  discontinuous y ie ld ing  i n  tungsten 
deformed i n  tension under pressure was so reproducible i n  the present 
work, the observation o f  y i e l d  po ints  a t  2OO0C and ambient pressure by 
Wronski and Fourdeux(8) was rare. Thus, i t  appears tha t  a strong tem- 
perature-dependence o f  d is loca t ion  m o b i l i t y  and associated e f fec ts  may 
p lay  a s ign i f i can t  r o l e  i n  determining the observation o f  discontinuous 
yielding. These di f ferences are i n  keeping w i t h  the observations o f  
Schadler and Low tha t  the resistance t o  d is loca t ion  movement i s  increased 
a t  low temperature and the number o f  d is locat ions pa r t i c i pa t i ng  i n  the 
p l a s t i c  flow i s  higher a t  h igh temperature than tha t  a t  low temperature. 
The important f a c t  which has been shown here i s  tha t  reproducible 
- 7- 
observations o f  discontinuous y ie ld ing  i n  po l yc rys ta l l i ne  tungsten a t  
room temperature can be made only  by deformation under high pre$$wre. 
However, i n  the case o f  s ing le  crysta ls ,  reproducible discontinuous 
y ie ld ing  occurs f o r 4 1  10) or ientat ions only. While the mechaAism(s) o f  
y ie ld ing  o f  tungsten are cur ren t ly  uncertain, i n  p a r t i c u l a r  as t o  the 
cause o f  strong dependence o f  y i e l d  stress f o r  s ing le  c rys ta ls  on t h e i r  
o r i en ta t i on  and the inf luence o f  the s ign o f  the appl ied stress (9) , a 
jog-contro l led mechanism has been proposed by Rose e t  a1 (’‘1 t o  account 
f o r  the o r ien ta t i on  dependence o f  higher macroscopic y i e l d  stress f o r  t h i s  
or ientat ion,  
Radcl i f f e  (11) t o  expla in  t h e i r  experimentally observed decrease i n  screw 
d is loca t ion  v e l o c i t y  i n  l i t h i u m  f l u o r i d e  as a funct ion o f  pressure. The 
observed va r ia t i on  o f  lower y i e l d  stress o f  the PM tungsten w i t h  increa- 
s ing tes t  pressure (Fig.3) which exh ib i ts  a s l i g h t  upward trend i s  i n  
q u a l i t a t i v e  agreement w i t h  the proposal o f  Rose e t  a1 i f  the screw d is lo -  
ca t ion  ve loc i t y  i n  tungsten i s  jog-contro l led - since the pressure 
e f fec t  should then be small but  p o s i t i v e  i n  keeping w i t h  the low a c t i -  
vat ion volume. Since the measurements on the y i e l d  behavior were l imi ted,  
the nature o f  the pressure dependence o f  y i e l d  stress could not be studied 
extensively. Accordingly, the data i s  represented here as l y i n g  w i t h i n  
+ - 5000 ps i  o f  a mean constant value o f  96,000 psi .  
A jog-contro l led mechanism was proposed a lso by Hanafee and 
The temperature dependence o f  the y i e l d  stress i n  tension cannot 
0 
be measured i n  recrys ta l l i zed  Phi tungsten below some 150 C a t  atmos- 
pher ic  pressure due t o  the onset o f  b r i t t l e  f racture,  but  measurements 
have been reported f o r  the compression y i e l d  s t ress down t o  -196OC. 
various y i e l d  stress values which have been published(’2-18) are p lo t ted  i n  
The 
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Figure 4. 
f o r  c l a r i t y )  which encompasses the data points  and i t  i s  seen tha t  the tem- 
perature dependence appears continuous f o r  both tension and compression 
y i e l d  data. 
h igh pressure and 25OC i s  a lso  p lo t ted  on t h i s  figure3 and l i e s  on the lower 
edge o f  the sca t te r  band (which ranges from 96,000 
w i t h  a mean o f  120,000 psi) .  I f  the possible pressure dependence o f  the 
y f e l d  stress discussed above i s  assumed, the corresponding ext rapolat ion 
t o  room pressure gives a value o f  some 83,000 psi .  
both these values o f  the t e n s i l e  y i e l d  s t ress obtained from the high 
pressure resu l ts  are lower than those expected from the curve i n  Figure 4, 
the scat ter  i n  the previously published data i s  unfortunately too large 
t o  conclude tha t  there I s  a d i f ference between the y i e l d  stress i n  tension 
and compression a t  room temperature, 
B. Dis locat ion Substructure 
The smooth curve represents the mean o f  the scat ter  band (omitted 
The average t e n s i l e  y i e l d  stress f o r  96,000 ps i  obtained a t  
t o  145,000 a t  25OC 
HoweverI although, 
The d is loca t ion  substructure observed by t h i n  f o i l  e lect ron micro- 
scopy i n  the ser ies o f  PM tungsten specimens strained t o  f rac tu re  showed 
a discontinuous change i n  d is loca t ion  densi ty and d i s t r i b u t i o n  w i t h  
increasing pressure. 
exhib i ted only large grains separated by high-angle boundaries and con- 
ta in ing  the low densi ty o f  d is locat ions typ ica l  o f  a we l l  annealed meta 
No impur i ty  p a r t i c l e s  were found e i t h e r  i n  the grains o r  a t  the boundar 
but  voids o f  the type discussed e a r l i e r  were present. 
The s t ruc tu re  o f  the as-recrysta l l ized tungsten 
L i t t l e  change 
occurred i n  t h f s  s t ruc tu re  a f t e r  f rac tu re  a t  atmos 
3 k i lobars  w i t h  the exception o f  iso la ted d is loca t  
boundaries more frequent ly a t  the higher pressure. 
he r i c  pressure and 
ons which appeared a t  
A l s o  a t  3 ki lobars,  
. 
es , 
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the development o f  in te rna l  e l a s t i c  s t ra ins  was evidenced by the presence 
of mu l t i p le  d i f f r a c t i o n  contours, I n  contrast, the  development o f  2% 
p l a s t i c  s t r a i n  before f rac tu re  a t  5 k i lobars  (See Fig. 5) resul ted i n  
both intrdased numbers o f  d is locat ions a t  boundaries and a h igh d i s lo -  
cat ion densi ty w i t h i n  the grains, as i l l u s t r a t e d  i n  Fig. 5a. The d is-  
locat ion arrays exh ib i t  the dipoles, jogs and associated small loops 
charac ter is t i c  o f  p l a s t i c  deformation i n  the bcc t r a n s i t i o n  metals, ?he 
nature o f  the d is locat ions a t  the gra in  boundaries Os shown by the dark 
f i e l d  micrograph i n  Fig. 5b, The fu r the r  s t ra in ,  4% a t  8 k i lobars,  and 
8% a t  1 1  k i lobars caused a considerable increase i n  the densi ty o f  d is lo -  
cations w i t h i n  the grains and the development o f  tangles - Figures 6, 7, 
No twinning was observed t o  occur a t  any of the pressures investigated. 
Occasional examples o f  g ra in  boundary separation were seen i n  the 
f o i l s  from the 11 k i l oba r  specimens and i n  one instance an associated 
transgranular cleavage crack penetrat ing p a r t i a l l y  across i t s  g ra in  was 
observed (Fig. 8). The overa l l  length ob: the crack l i e s  i n  a s ing le  
d i rect ion,  but the deta i led path i s  made up o f  short  zig-zag segments 
p a r a l l e l  t o  the two d i rec t ions  o f  s t ra igh t  d is loca t ion  segments v i s i b l e  
i n  the f o i l .  Although the thickness o f  t h i s  p a r t i c u l a r  f o i l  precluded 
d i f f r a c t i o n  analysis o f  the relevant crysta l lographlc  direct ions,  t h i s  
observation has been in terpreted as d i r e c t  evidence o f  the inf luence o f  
the presence o f  the deformation substructure i n  impeding the propagation 
o f  transgranular cleavage. 
The substructure developed on p l a s t i c  s t r a i n i n g  a t  high pressure 
d i f f e r s  from tha t  reported'*) f o r  rec rys ta l l i zed  po lyc rys ta l l i ne  tung- 
sten deformed s im i la r  amounts a t  atmospheric pressure and 2OO0C, i,e. i n  
-1 0- 
the region o f  the t r a n s i t i o n  temperature, w i t h  respect t o  the densi ty and 
d i s t r i b u t i o n  o f  d is locat ions.  The densi ty i s  seen t o  be comparable a f t e r  
deformation a t  room temperature and high pressure w i t h  tha t  f o r  2OO0C and 
atmospheric pressure. However, the "band structure" of a1 ternat ing 1 i g h t  
and dark contrast  (long para1 le1 c e l l s  separated by d i s loca t i on  wal ls)  
observed by Wronski and Fburdeux t o  be already w e l l  developed by 7% 
s t r a i n  does not occur. I n  t h i s  respect and i n  general appearance, the 
dislocation s t ruc tu re  resembles more c lose ly  tha t  observed recent ly ( '91in 
LOlO] s ing le  c rys ta l s  o f  h igh p u r i t y  tungsten deformed i n  tension under 
ambient conditions. The denstty i s  considerably higher i n  the s ing le  
c rys ta l  (approximately 10 times) than tha t  observed here i n  the polycrys- 
t a l l i n e  PM tungsten f o r  s i m i l a r  values o f  s t r a i n  - see Figure 9. The 
observed higher densi ty i n  s ing le  c rys ta l s  might a r i s e  from o r ien ta t i on  
effects since the reported (19) measurement o f  d i s loca t i on  density as a 
func t ion  o f  s t r a i n  was made on c rys ta l s  or iented 'f (001) [OlO] ) such 
tha t  p l a s t i c  f low 6CCurS a t  stresses considerably'below the value o f  mac- 
roscopic y i e l d  stress. 
discontinuous y ie ld ing  s i m i l a r  to  tha t  observed i n  PM tungsten here i t  
seems possible tha t  (001) rOlO3 or iented c rys ta l s  might contain a higher 
densi ty o f  d is loca t ions  f o r  comparable s t ra in .  
As on ly  & l l O >  or ien ta t ions  are known t o  e x h i b i t  
C. Fracture 
Corresponding t o  the i n i t i a t i o n  o f  p l a s t i c  y ie ld ing, the reduction 
o f  area a t  f rac tu re  increases w i t h  pressure above 3 ki lobars.  However, 
as shown i n  Figure 10, there i s  no i nd i ca t i on  o f  a t r a n s i t i o n  from b r i t t l e  
t o  d u c t i l e  behavior over the pressure range 
Figure 10 are e a r l i e r  data reported (20 - 24) f o r  the duct i  1 i t y  o f  'tungsten' 
investigated. A lso  shown i n  
- 1  1- 
as a funct ion o f  pressure. 
these various data i n  the pressure range from 7 t o  9 k i lobars  suggest 
The d u c t i l e - b r i t t l e  t r a n s i t i o n  indicated by 
that,  i n  an analogous manner t o  the d u c t i l e - b r i t t l e  t r a n s i t i o n  tempera- 
t u r e  f o r  tungsten, the t r a n s i t i o n  pressure i s  higher fo r  recrys ta l l i zed  
mater ia l .  The d u c t i l i t y  resu l ts  are i n  keeping w i t h  the deduction 
already made from the much lower y i e l d  stress values noted i n  the present 
work tha t  the 'tungsten' used i n  e a r l i e r  studies was not i n  the recrys- 
t a l l i z e d  condit ion. Examination o f  the pre-polished surfaces o f  the 
f ractured t e n s i l e  specimens by op t i ca l  microscopy and o f  the f rac tu re  
surfaces by e lect ron fractography establ ished tha t  the f ractures occurred 
by a mixture o f  transgranular and in tergranular  cleavage over the complete 
range o f  pressure. 
i s  shown i n  Figure 11. For the specimens tested a t  a l l  pressures up t o  
The charac ter is t i c  appearance of the  f racture surface 
8 k i lobars  no evidence o f  cracking was found on the pre-polished surfaces 
except f o r  ra re  example o f  g ra in  boundary and transgranular cracks a t  
the edge o f  the f rac tu re  surface. 
11 k i lobars  (8% elongation) - see Figure 12 - exhib i ted gra in  boun- 
dary cracks, occasional ly w i t h  an associated transgranular crack, along 
I n  contrast, the specimens f ractured a t  
the complete gage length. Most o f  the in tergranular  cracks were trans- 
verse t o  the t e n s i l e  axis, but a number o f  instances o f  g ra in  boundary 
separation i n  longi tud ina l  and other d i rect ions were a lso noted. The 
transgranular cracks were not observed t o  propagate completely across the 
grains. I n  add i t ion  t o  the microcracks, occasional surface s l i p  markings, 
usual ly  associated w i t h  g ra in  boundary junct ions,  were found. 
various observations ind icate tha t  a t  pressures below 1 1  k i lobars the 
p r inc ipa l  e f f e c t  o f  the imposed hydrostat ic  stress i s  t o  i n h i b i t  the 
formation o f  microcracks, but  tha t  once i n i t i a t e d  
These 
- apparently by i n te r -  
granular f a i l u r e  leading t o  transgranular cleavage - the i n i t i a l  crack 
c 
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propagates catastrophical ly.  I n  contrast, a t  11 k i lobars  the increased 
p l a s t i c  deformation leads t o  the extensive development o f  intergranular 
separation and some transgranular cracks. However, the in te rna l  cracks 
formed i n  t h i s  way do not immediately lead t o  f a i l u r e  i.e., t h e i r  rap id  
propagation and/or the i n i t i a t i o n  o f  catastrophic transgranular cleavage 
i s  inh ib i ted.  
I n  view o f  the wel l  establ ished f a c t  tha t  i n  most c r y s t a l l i n e  
mater ia ls some p l a s t i c  f low accompanies f rac tu re  and the  several f rac tu re  
theor ies which assume p l a s t i c  s t r a i n  as a pre-requis i te  f o r  the i n i t i a t i o n  
o f  fracture, i t  i s  o f  i n te res t  t o  compare the y i e l d  stress observed a t  h igh 
pressure w i t h  the f rac tu re  stress a t  atmospheric pressure. 
the reported data f o r  the temperature dependence o f  the b r i t t l e  f rac tu re  
stress o f  rec rys ta l l i zed  PM tungsten ( 1 2  - 16'20) i s  shown together w i t h  
the y i e l d  stress curve from Figure 4 and the average y i e l d  stress observed 
a t  h igh pressure. 
I n  Figure 13, 
A t  25'6, the l a t t e r  i s  seen t o  be close t o  the upper 
the f rac tu re  stress measured a t  atmospheric pres- 
e l d  stress o f  83,000 psi  obtained by ext rapolat ion 
data. Thus, these resu l ts  are consistqnt w i t h  the 
l i m i t  o f  the values o f  
sure, as a lso i n  the y 
from the high pressure 
i n i t i a t i o n  o f  f rac tu re  as a consequence o f  loca l  p l a s t i c  y ie ld ing  a t  stress 
concentrations when the general stress leve l  i s  below the macroscopic y i e l d  
stress or, i n  the absence o f  s t ress concentrations, o f  general p l a s t i c  
y ie ld ing  when tha t  stress i s  reached tee., i t  represents an upper l i m i t  
for  the f rac tu re  stress a t  room temperature. 
The prec ise measurements made here of  the pressure dependence of 
the f rac tu re  stress f o r  wel l  characterized rec rys ta l l i zed  PM tungsten 
provides, f o r  the f i r s t  time, su i tab le  data t o  permit  the tes t i ng  of  theoret ica l  
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ideas concerning the e f fec ts  o f  pressure on f rac tu re  i n  a b r i t t l e  bcc 
t r a n s i t i o n  metal. Detai led consideration i s  cur ren t ly  being given t o  
t h i s  area and w i l l  be discussed i n  the next report.  
1 1 1 ,  PRESSURIZATION PHENOMENA 
Ear ly  i n  t h i s  research (25) a ca lcu la t ion  was made o f  the e l a s t i c  
stress f i e l d  induced a t  a p a r t i c l e  i n  a mat r ix  subjected t o  external  
hydrostat ic  pressure. The progress o f  the research on s t ruc tu ra l  and 
property changes a r i s i n g  from the in t roduct ion o f  new d is locat ions a t  
p a r t i c l e s  i n  iron, tungsten and other mater ia ls by subject ion t o  external 
pressure made i t  desirable t o  undertake a more de ta i led  examination o f  
the nature and magnitude o f  the induced stress f i e l d .  I n  the fo l lowing, 
t h i s  examination i s  described together w i t h  the resu l ts  o f  the study o f  
the r e l a t i o n  o f  the substructure induced i n  a Fe-Fe3C a l l o y  by subject ion 
t o  pressure t o  the subsequent p l a s t i c  s t r a i n  behavior under un i -ax ia l  
t e n s i l e  loading a t  atmospheric pressure. 
A. Calculat ion o f  the E l a s t i c  Stress D i s t r i b u t i o n  
Around a Spherical lnc lus ion i n  an Iso t rop ic  
Sol id  Under Hydrostat ic Stress. 
An inc lus ion i n  an i so t rop i c  s o l i d  represents a d isc re te  re ion 
where the e l a s t i c  proper t ies are d i f f e r e n t  from those i n  the matr ix.  
Voids and r i g i d  inclusions are the l i m i t i n g  cases where the values o f  
bu lk  moduli are zero and i n f i n i t y .  The presence o f  an inc lus ion d is turbs 
an otherwise uniform stress i n  a so l id ;  f o r  example, Goodier(26) (1933) 
calculated a stress-concentrat ion fac to r  o f  approximately 3 near a spheri- 
ca l  cav i t y  i n  an i so t rop i c  s o l i d  subjected to uniform tension. I n  view 
c 
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o f  the various exper 
a t  second-phase pa r t  
dal  inc lus ion i n  an 
Edwards (27’ (1951). 
to ca lcu late approx 
i ncl  us 1 on i nterface 
mental observations o f  pressure-induced d is locat ions 
c les  i n ~ F e ,  C r ,  W and Be, i t  i s  c lea r l y  important 
t o  extend these ca lcu lat ions t o  compute the  stress d i s t r i b u t i o n  i n  the 
case o f  ex te rna l l y  appl ied pressure. 
A general so lu t ion  f o r  the s t ress-d is t r ibu t ion  around a spheroi- 
a r b i t r a r y  uniform s ta te  o f  stress was obtained by 
This so lu t ion  was used by Hahn and Rosenfield (28 1 
mate values o f  the shear-stress a t  the matr ix-  
induced by d i f f e r e n t i a l  s t ra ins  developed by p a r t i c l e  
growth, thermal expansion and external hydrostat ic  pressure. Except f o r  
t h i s  approximate calculat ion,  no complete so lu t ion  has been developed f o r  
the values o f  the stresses a t  the in te r face  o f  the  inc lus ion and mat r ix  
which s p e c i f i c a l l y  takes t h e i r  d i f f e r e n t i a l  compress ib i l i t ies  i n t o  con- 
s iderat ion.  Par t i cu la r  in te res t  l i e s  In the r e s u l t  tha t  an ex terna l l y  
imposed hydrostat ic  stress can g ive r i s e  t o  shear stresses a t  the i n te r -  
face,since nucleat ion of  d is locat ions a t  the inclusion-matrix in te r face  
i s  poss ib le  i f  the shear stress exceeds a c r i t i c a l  value o f  approximately 
one tenth o f  the shear modulus. Under such circumstances an inc lus ion 
I n  the mat r ix  could be converted by simple app l i ca t ion  o f  hydrostat ic  
pressure i n t o  a source o f  d is locat ions which could s t rongly  inf luence 
the p l a s t i c  behavior o f  the sol id.  
maximum shear stress a t ta inab le  a t  the in te r face  i s  needed t o  determine 
the p o s s i b i l i t y  o f  d is loca t ion  nucleat ion under such condit ions. 
Accordingly, prec ise knowledge o f  the 
An attempt has been made here t o  ca lcu late r igorous ly  the maximum 
shear stress generated a t  the in te r face  between an e l a s t i c  d iscont inu i ty  
and i t s  surrounding mat r ix  f o r  a s o l i d  subjected t o  external hydrostat ic  
pressure. The ca lcu lat ions fol lowed the continuum mechanics p r inc ip les  
-15- 
ou t l ined  by Sokolnikof f  (29) and assumed tha t  the e l a s t i c  proper t ies o f  the 
mat r ix  and the inc lus ion  are isot rop ic ,  the inc lus ion i s  spherical w i t h  a 
smooth surface and the stress f 
Under these conditions, the max 
the i nclusion-matrix i n te r face  
f o r  the three cases of  a c a v i t y  
r;J 
Cavi t y  ' c -  max 
elds o f  d i f f e r e n t  p a r t i c l e s  do not in te rac t .  
mum shear stress, rmax, which develops a t  
s given by the fo l low ing  re la t ionships 
a r i g i d  inc lus ion  and an e l a s t i c  inclusion: 
( 1  1 3 = ZP 
G qax = - P K Rig id  inc lus ion  
3K. - + 46 Ki 1 E l a s t i c  inc lus ion  %ax = P [ I 
where G i s  the shear modulus of  the matr ix,  P i s  the appl ied hydrostat ic  
pressure, K and Ki are the bu lk  moduli o f  the mat r ix  and the inc lus ion  
respect ively,  (For detai  1s o f  the calculat ions,  see Ooctoral Thesis o f  
6. Das, Case Western Reserve Univers i ty ,  1967), - see Figure 14. 
The values o f  maximum shear stress f o r  the cases o f  cav i ty ,  r i g i d  
inc lus ion and e l a s t i c  inc lus ion  w i t h  s im i la r  and d i ss im i la r  e l a s t i c  con- 
stants based on the ca lcu lat ions used here are l i s t e d  i n  Table 1 .  The 
tab le  a lso contains the value o f  gax f o r  appropr iate inclusions as calcu- 
Pated by Hahn and Rosenfield . Table l i  contains values o f  maximum (28) 
shear stress computed f o r  cav i t ies ,  t ho r ia  and hafnium carbide i n  a tung- 
sten matr ix  a5 a func t ion  o f  the ex terna l l y  appl ied hydrostat ic  pressure, 
It i s  seen from Table 1 1  t ha t  the induced stresses are substania l ly  less, 
even a t  20 k i lobars,  than lo-' G, the stress theo re t i ca l l y  required t o  
generate d is locat ions i n  a per fec t  crystal(30).  
indentor cm diameter) - e.g. s i l i c o n  carbide p a r t i c l e s  dropped 
on t o  a c rys ta l  surface - a contact pressure o f  10 G i s  s u f f i c i e n t  t o  
"punch-in" d i s loca t i on  loops. This observation can be explained only  i f  
However, f o r  a small 
-3 
c 
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i t  i s  assumed tha t  the indentors possess a tomis t i ca l l y  sharp steps. A 
stress concentrat ion o f  2(D/2b) -5 can be achieved f o r  a p a r t i c l e  o f  
diameter 0 and the c rys ta l  o f  Burger's vector(30). For a 1 micron 
p a r t i c l e ,  t h i s  stress concentrat ion factor  i s  about 100. Thus, the 
stress a t  the edge o f  the indentor becomes o f  the order o f  lO- 'G, as 
required f o r  d is loca t ion  generation. 
shear-stresses induced by d i f f e r e n t i a l  compression as shown i n  Table I I ,  
From the calculated magnitude o f  
i t  i s  apparent tha t  d is locat ions would be expected t o  be generated only  
i f  the p a r t i c l e s  are i r regu la r  i n  shape o r  exh ib i t  very sharp steps on 
e i  r surfaces which can act  as stress-raisers. 
Another fac to r  which could favor generation o f  d is locat ions would 
be the existence o f  residual stresses around the in te r face  o f  the inc lu-  
s ion and matrix. A 1  though Goodier's(26)calculations o f  stress-concen- 
t ra t l ons  a t  e l a s t i c  d iscont inu i t ies  i n  so l ids  under tens i l e  stress 
ind icate tha t  the shear stress i s  increased l o c a l l y  by a fac to r  o f  only 
approximately 3, the recent l i t e r a t u r e  contains a number o f  observa ions 43 1,32833) 
o f  p a r t i c l e s  under stress actlngaas d is loca t ion  sources. 
good examples o f  punched-in 
Par t i cu la r l y  
d is locat ions are those around FeO p a r t i c l e s  
i n  i r o n  deformed 2% i n  tension as reported by Kayano (33) who conc 1 uded 
tha t  residual stresses around the inc lus ion induced thermally during 
cool ing are responsible f o r  such d is loca t ion  generation during subsequent 
t e n s i l e  deformation. It i s  possible tha t  such residual  stresses could 
s i m i l a r l y  ass is t  the generation o f  d is locat ions when a matr ix  containing 
an inc lus ion i s  subjected t o  high hydrostat ic  pressure. 
The stress f i e l d  which ar ises around an inc lus ion dur ing cool ing 
due t o  d i f f e r e n t i a l  contract ion i s  analogous t o  tha t  which i s  developed 
on pressure app l ica t ion  as a resu l t  o f  d i f f e r e n t i a l  compressibi l i ty .  
c 
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Therefore, i t  i s  log ica l  t o  assume tha t  the nature o f  the thermally- 
induced d is loca t ion  would be s im i la r  t o  the  pressure-induced dis locat ion.  
Although complete analysis o f  pressure-induced d is locat ions a t  p a r t i c l e s  
has not been reported, Jones and M i t che l l  (34) have examined i n  detai  1 how 
a d is loca t ion  can be nucleated by d i f f e r e n t i a l  thermal contract ion a t  the 
surface o f  glass spheres i n  s i l v e r  chloride. I f  such a d is loca t ion  i s  
nucleated a t  the surface o f  the glass sphere i n  the region o f  maximum shear, 
i t  can g l i d e  on the surface o f  a cy l inder  w i t h  i t s  Burger's vector as axis. 
The stages o f  formation o f  a loop by pure g l i d e  are shown i n  Figure 15. 
Under the inf luence o f  shear stresse5, only the edge component can g l i d e  
outward away from the region o f  maximum shear s t ress and the screw com- 
ponents p a r a l l e l  t o  the ax is  o f  the cy l inder  experience tangent ia l  forces 
whlch causes them t o  g l i d e  i n  opposite d i rec t ions  around the surface o f  
the g l i d e  cyl inder.  Because the shear s t ress decreases as the distance 
from the inc lus ion increases, the edge component cannot t ravel  as f a r  as 
the screw components, which are always i n  the region o f  maximum shear 
stress. When two ends o f  the o r i g i n a l  d is loca t ion  meet, a f u l l y  developed 
pr ismat ic  d is loca t ion  loop i s  formed. I n  add i t ion  t o  explaining the fo r -  
mation of loops by pr ismat ic  punching, t h i s  mechanism allows transport  
o f  mater ia l  from the par t i c le -mat r ix  in te r face  t o  region o f  lower stress 
i n  the matrix. Thus, t h i s  pr ismat ic  d is loca t ion  loop w i l l  be i n te r -  
s t l t i a l  i n  nature. Although the i n t e r s t i t i a l  nature o f  the loop was 
predicted by Jones and Mi tche l l ,  i d e n t i f i c a t i o n  o f  t h e i r  nature could not 
be made by the decoration method used to  reveal d is locat ions.  
by transmission e lect ron microscopy, Lawley and Meakin (35) proved tha t  
the d is locat ions o r ig ina t i ng  a t  p a r t i c l e s  p rec ip i ta ted  i n  molybdenum 
dur ing cool ing (due t o  d i f f e r e n t i a l  contract ion) are i n t e r s t i t i a l  i n  
However, 
-18- 
nature, Thus, based on these various observations o f  thermal d is locat ions 
and i n  view o f  the s i m i l a r i t y  o f  the stress f i e l d  generated i n  both the 
pressure and thermal cases, the pressure induced d is loca t ion  loops wbuld 
a lso be expected t o  be i n t e r s t i t i a l  i n  nature. 
here on the nature o f  pressure-induced loops formed f r o m  p a r t i c l e s  i n  an 
i r o n  mat r ix  are i n  keeping w i t h  t h i s  in terpretat ion.  
The observations made 
8. Relat ion o f  Pressure-induced Sub-structure 
I 
t o  P l a s t i c  S t ra in  Effects. 
On the basis o f  the observations o f  the micro and macroyield 
behavior o f  the pressurized iron-carbon a l loys  and the corresponding 
pressure-induced substructural  changes discussed i n  the e a r l i e r  reports 
the p r inc ipa l  features o f  re la t ionships between the induced defect struc- 
t u r e  and the mechanical behavior were deduced. I n  an attempt t o  ass i s t  i n  
developing a more quant i ta t i ve  and d i r e c t  i n te rp re ta t i on  o f  the re la t ion-  
ships, a t h i n - f o i l  e lect ron microscopy study has been made o f  the  changes 
i n  substructure as a func t ion  o f  t e n s i l e  s t r a i n  i n  a Fe-0.09 wt.% C 
(1.4 vol.% Fe3C) a l l o y  which was previously pressurized. 
( 1  1 
A f t e r  subject ion o f  annealed specimens t o  a hydrostat ic  pressure 
of 20 k i lobars,  using the procedures described previously '  ' I, the fo l low ing  
t e n s i l e  s t ra in ing  procedures were car r ied  out. 
3 3 t o  13.0 x 10 ps i  (a stress s i m i l a r  t o  the cA value o f  12.2 x 10 
determined i n  an ident ica l  specimen dur ing the c y c l i c  loading study o f  micro- 
One specimen was stressed 
ps i  
s t r a i n  phenomena) and a f t e r  reaching t h i s  load, the t e n s i l e  stress was 
removed. The same procedure was fol lowed with i d e n t i c a l l y  pressurized 
specimens t o  prest ra ins o f  1.0 and 5.3%. In addi t ion,  an annealed specimen 
was prestrained t o  6.5% as a reference, 
s t ra ted i n  Figure 16. 
The various procedures are i l l u -  
Thin f o i l s  were prepared from discs spark-sl iced 
from gage length o f  the t e n s i l e  specimens and examined by transmission 
, 
t o  deviate from i t s  l i nea r  ("e 
h igh ra te  o f  work-hardening i s  
i n / i n  from the e l a s t i c  r e  
hardening gradual ly decreases, 
-19- 
elect ron microscopy. The features observed w i l l  be brought i n t o  the 
fo l lowing discussion o f  the y i e l d  behavior a t  appropriate points. 
The s t ress-st ra in  curves o f  pressurized a l l oys  can be compared 
w i t h  those o f  as-annealed a l loys  i n  terms o f  the current theories o f  the 
y ie ld ing  o f  i r o n  discussed e a r l i e r "  ). 
condit ions demonstrate the same e l a s t i c  re la t ionsh ip  upon loading, as 
depicted by the schematic representation in Figure 17. 
a o r  a , (which decreases i n  value w i t h  increase i n  the magni tude o f  
the maximum pressure applied p r i o r  t o  the tes t )  the s t r a i n  i s  observed 
I n i t i a l l y ,  the curves f o r  both 
A t  some point ,  
I 
ast ic")  re la t lonship w i t h  stress and a 
exhi b i  ted. 
at ionship,  the i n i t i a l l y  h igh ra te  o f  
demonstrating the  onset of macroyielding. 
Beyond a dev iat ion o f  lo" t o  
Figure 18 i l l u s t r a t e s  the d is loca t ion  substructure of  the pressurized 
1.4 vol.% Fe3C a l l o y  a f t e r  t e n s i l e  p res t ra in ing  t o  . I n  in te rpre t ing  
these I t  i s  he lp fu l  here t o  reca l l  tha t  the i n i t i a l  pressure-induced 
substructure i n  t h i s  a l l o y  exh ib i ts  a charac ter is t i c  increase i n  d i s lo -  
ca t ion  arrays surrounding second-phase par t i c les .  To be noted i n  the 
prestrained specimens compared t o  the  as-pressurized condi t ion i s  the 
non-uniform increase i n  c lus te rs  o f  tangled d is locat ions w i t h i n  the grains 
and the r e l a t i v e l y  larger  densi ty o f  d is loca t ion  c lus te rs  i n  the v i c i n i t y  
o f  carbide par t ic les.  As expected, a d e f i n i t e  d is loca t ion  c e l l  s t ructure 
i s  not developed a t  t h i s  s t r a i n  and many reglons adjacent t o  the c lus te rs  
are o f ten  r e l a t i v e l y  sparse i n  d is loca t ion  content. However, the obser- 
vations confirm the movement and m u l t i p l i c a t i o n  o f  pressurized d is locat ions 
i n  the microy ie ld  region. 
The unique event which fo l lows t h i s  i n i t i a l  region o f  p l a s t i c  f low 
-20- 
i s  manifested by a sharp macroyield po in t  i n  the annealed mater ia l  i n  
contrast  t o  a gradual y i e l d  drop i n  the a l l oys  subjected t o  pressure. 
The lower y i e l d  stress decreases progressively w l t h  the amount o f  p r i o r  
pressur izat ion and a t  a p a r t i c u l a r  value o f  the appl ied pressure, 
pecul iar  t o  each a l l o y  and i t s  microstructural  character ls t ics ,  the y i e l d  
drop disappears. Another important charac ter is t i c  o f  the pressurized 
a l l oys  i s  the low stress a t  which the t r a n s i t i o n  occurs from microy ie ld  
t o  the succeeding macroyield region, i.e. the stress a t  which the bar- 
r i e r  presented by gra in  interfaces t o  the contained d is locat ions i s  
transcended and some form o f  rapid y ie ld ing  process occurs, thereby 
accommodating the applied s t r a i n  rate. Since both pressurized and unpres- 
surized specimens received the same thermal treatment, the gra in  boundary 
strength (as affected, f o r  example, by segregation of impur i ty  elements, 
p a r t i c u l a r l y  i n t e r s t i t i a l s )  and the d i s t r i b u t i o n  and morphology o f  
second-phase p a r t i c l e s  should be s im i la r  f o r  both, Accordingly, i t  can 
be deduced tha t  the stress concentrations are greater a t  the gra in  i n te r -  
faces i n  the Pressurized mater ia l  as a r e s u l t  o f  the denser p i leup o f  
s l i p  bands formed by the many pressure-induced d is locat ions i n  add i t ion  
t o  those generated by m u l t i p l i c a t i o n  processes during loading. For t h i s  
reason, along w l t h  the tendency f o r  s t r a i n  t o  be more uni formly d i s t r i -  
buted along the gage length, ( i n  marked contrast  t o  the annealed specimens 
which y i e l d  by Luders' band propagation through r e l a t i v e l y  unyielded 
grains) the pressurized specimens can undergo s i g n i f i c a n t  macroyielding 
a t  a lower measured t e n s i l e  stress than the unpressurized material.  The 
gradual disappearance o f  the y i e l d  drop w i t h  increasing pressur izat ion i s  
q u a l i t a t i v e l y  consistent w i t h  y i e l d  theories based on the rap id m u l t i p l i -  
cat ion o f  d is locat ions and stress dependence o f  d is loca t ion  ve loc i t y  (36) e 
k 
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Once macroyielding i s  i n i t i a t e d ,  the s t ress-s t ra in  re la t ionship 
i n  the pressurized a l l oys  i s  characterized by a r e l a t i v e l y  short  Luder's 
plateau or, f o r  some compositions, a gradual ly increasing slope which 
eventual ly becomes equal t o  that  o f  the work-hardening curve f o r  the 
annealed (un-pressurized) mater ia l .  I n  the cases where a Luders s t r a i n  
i s  exhibited, the length o f  the plateau decreases w i t h  increasing appl ied 
pressure, as shown i n  the schematic curves. I n  a l l  the a l loys  examined, 
l a t e r  stages o f  work-hardening a f t e r  pressur izat ion eventual ly equal tha t  
charac ter is t i c  o f  the annealed mater ia l .  It i s  possible tha t  i n  the 
mater ia ls subjected t o  pressures h igh enough t o  e l iminate a y i e l d  drop, the 
rap id decrease i n  the slope o f  the s t ress-s t ra in  curve t o  the d6 /d& = 0 
po r t i on  of macroyielding p r i o r  t o  work-hardening i s  not due t o  a Luders 
band phenomenon but  instead represents a region where extensive d is loca t ion  
m u l t i p l i c a t i o n  i s  occurring throughout the gage length. This interpre- 
t a t i o n  would account f o r  the decrease observed i n  the s t r a i n  a t  the 
beginning o f  work-hardening w i th  increase i n  the magnitude af the pressure 
applied, 
a l l o y  annealed and prestrained 6,5% (Fig. 19) and pressurized and prestrained 
5.3% (Fig. 20), e x h i b i t  l i t t l e  obvious d i f fe rence i n  substructure, except 
The comparative e lect ron microscopy structures o f  the 1.4 vol.% Fe3C 
f o r  a s l i g h t l y  greater densi ty o f  d is locat ions i n  the former. 
the substructural observations i n  the specimen o f  the same mater ia l  pre- 
s t ra ined t o  on ly  cA, the d is locat ions have increased subs tan t ia l l y  i n  
number and d i s t r i bu t i on ,  and d is locat ion- f ree regions are considerably 
Compared w i t h  
smaller i n  area. 
and a c e l l  s t ructure has developed from the e a r l i e r  c lusters.  
g ra in  boundaries and second-phase p a r t i c l e s  e x h i b i t  t h e  highest densi ty o f  
d is locat ions.  The likeness between the substructures i s  consistent w i t h  
P r i o r  subgrain boundaries have dissociated extensively 
Regions near 
c - 22- 
the s i m i l a r i t y  i n  s t ress-s t ra in  behavior i n  both types o f  specimen which 
develops a f t e r  t h e i r  d i ss im i la r  e a r l i e r  stages o f  micro- and macro-yield 
behavior 
I n  conclusion, the d i r e c t  observations o f  t he  pressure-induced 
substructure, the nature o f  d is loca t ion  s t ruc tu re  i n  mater ia l  t ens i l e  
strained a f t e r  pressure-cycl ing and the corresponding f low stress changes 
as a func t ion  o f  pressure have provided a q u a l i t a t i v e  basis f o r  under- 
standing the e f fec ts  o f  pressure on yie ' ld behavior i n  a ser ies o f  Fe-Fe3C 
a l loys  fo r  a va r ie t y  o f  d i f f e r e n t  s t ruc tu ra l  condit ions. However, the 
complex and in te rac t ing  ro les played by microstructural  components, i n i t i a l  
substructure, and composition o f  a given mater ia l  dur ing both pressure 
cyc l ing  and tens i l e  y ie ld ing  make i t  d i f f i c u l t  a t  the present t ime t o  
develop a more quant i ta t i ve  model which can account f o r  the de ta i l s  o f  the 
y i e l d  behavior i n  the pressure-cycled Fe-Fe3C a1 loys. 
IIV. FUTURE WORK 
During the next six-month period, the study o f  the f low and f rac tu re  
b*ehavior o f  arc-melted tungsten w i l l  be extended t o  higher pressures. 
the basis o f  the resu l t lng  experimental data f o r  y i e l d  and f rac tu re  stresses, 
together w i t h  those already determined f o r  powder-metallurgy ,tungsten, 
attempts w i l l  be made t o  evaluate recent theoret ica l  ca lcu lat ions o f  the 
e f fec ts  o f  pressure on these parameters, 
and s t ruc tu ra l  imperfections i n  determining the f l o w  stress w i l l  a lso be 
examined. 
mechanical behavior o f  tungsten a t  atmospheric pressure w i l l  be considered. 
I n  the case o f  pressur izat ion ef fects ,  an a l te rna te  model system consist ing 
o f  copper containing he l i um- f i l l ed  voids w i l l  be analyzed t o  tes t  the v a l i d i t y  
of  the arguments presented previously on the basis o f  ca lcu lat ions o f  the 
pressure-induced stress f i e l d s  a t  a d iscont inu i ty  i n  a matrix. 
On 
The t o l e  o f  impur i t ies,  g ra in  s i re  
The s ign i f i cance o f  the resul ts  f o r  the understanding o f  the 
-23- 
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Symbols Used i n  Table 1 .  
-P -Externa 1 hyd rosta t i c pres su re. 
v, -A -Poisson's r a t io  of the matrix and inclusion, respectively. 
G -Shear modulus of  t h e  matrix. 
a - t h e  radius of t h e  inclusion. 
K, Ki  - B u l k  modulus of the matrix and inclusion, respectively. 
6, 60, -Radial , ci rcumferential 2 n d  azimuthal s t r e s s ,  respectively. 
'1: max -Maxi mum shea r s t res s 
-A factor 4 1 determined b y  the ra t io  of Young's modvli 
o f  t h e  inclusion and matrix. 
Q 
y o  - R a d i u s  vector. 
E ,  E i  -Young's nodulus of matrix and inclusion, respectively. 
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UPPER PLUNGER 
CONICAL PLUG 
F i g .  1 .  D e t a i l s  o f  upper plunger o f  main high pressure 
chamber and conical  plug design f o r  pressure 
seal f o r  e l e c t r i c a l  leads. 
Fig. 2. Tensi 
1 i zed 
menta 
ELONGATION % 
e s t ress-s t ra in  curves f o r  recrys ta l -  
PM tungsten as a func t ion  o f  environ- 
pressure a t  room temperature. 
* 
150 
I I 
- 
- 
- 
- 
- 
- 
t- 
u) 100 
r-----l I FRACTURE STRESS 1 
YIELD STRESS (LYS) 
1 ~ 1 I l l ~ ~ ~ ~ ' ~ ' ' ' ' '  
100 I50 5 0  0 
PRESSURE ( IO3 PSI) 
Fig .  3. Pressure dependence o f  y i e l d  and f r a c t u r e  
s t resses i n  tens ion  o f  r e c r y s t a l l i z e d  
tungs ten. 
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Fig .  4. Compilation o f  reported measurements of  yield 
stress in tension and compression f o r  recrys- 
tallized PM tungsten at atmospheric pressure. 
Fig. 5. Thin foil electron micrographs illustrating sub- 
structure of recrystallized PM tungsten strained 
to fracture at 5 kilobars and room temperature. 
2% elongation. 
1 
( a )  
Fig.  6. Thin f o i l  e l e c t r o n  micrographs showing d i s l o c a t i o n  
substructure o f  r e c r y s t a l l i z e d  PM tungsten s t r a i n  
t o  f r a c t u r e  a t  8 k i  lobars a t  room temperature. 
4% elongation. 
F i g .  7. Substructure of r e c r y s t a l l i z e d  PM tungsten s t ra ined  
t o  f r a c t u r e  a t  1 1  k i l o b a r s  and room temperature. 
8% elongation. 
Fig .  8. Substructure of r e c r y s t a l l i z e d  PM tungsten 
s t ra ined  t o  f r a c t u r e  a t  1 1  k i l o b a r s  a t  room 
temperature, showing (a) a t ransgranular  
crack w i t h  short  zig-zag segments; 
(b) an in tergranu lar  crack. 
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F i g .  9 Dislocation density in recrystallized PM 
tungsten as a function of strain to 
fracture at indicated pressures. The curve 
compares the data with that for high purity 
(mono and polycrystallinc) tungsten deforrilcd 
in tension under ambient.conditions. 
I 
F i g .  10. Pressure dependence o f  t h e  d u c t i l i t y  (reduc- 
t i o n  i n  a rea )  o f  recrys ta l  1 i zed  PM tungsten. 
Data reported previously  f o r  tungsten i s  
c o l l a t e d  i n  the  f i g u r e  and t h e i r  range of  
values indicated by the  band. 
Y 
F i g .  1 1 .  Electron fractograph showing in tergranu lar  
and transgranular  f r a c t u r e  i n  recrys ta l  1 ized 
PM tungsten s t ra ined  t o  f r a c t u r e  a t  8 k i lobars .  
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t 
Fig .  12. Optical  micrographs showing in tergranu lar  and 
transgranular  cracks: (a) along the complete 
gage length; (b) a transgranular  crack asso- 
c i a t e d  w i t h  an in tergranu lar  crack. Recrysta- 
l l i z e d  PM tungsten s t ra ined  t o  f r a c t u r e  a t  
1 1  k i lobars .  The arrow shows t h e  t e n s i l e  ax is .  
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Fig. 13. Comparison of y i e l d  s t ress a t  h igh  pressure 
w i t h  y i e l d  and f rac tu re  stresses reported 
fo r  atmospheric pressure. 
Fig .  14. S h e a r  s t r e s s  a t  t h e  i n t e r f a c e  of a 
s p h e r i c a l  i n c l u s i o n  o f  r a d i u s  r . 
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5 b, BURGERS VECTOR 
F i g .  15. The s ta tes  o f  formation o f  a 
p e r f e c t  pr ismat ic  loop by 
pure g l  ide. 
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Figure 16 Tensile prestralning 0.09 wt%C a l l o y  
subsequent to 20 ki lobars  pressurization. 
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Figure 17 Schematic tensile stress-strain curves 
demonstrating the charactcristic featural 
changes in y i e l d  behavior for iron-carbon 
alloys with increasing prcssurization. 
Fig. . Illustration of dislocation distribution in 0.09 wi  ;C 
alloy after subjection to 20 kilobars and subsequent 
tensile prestraining to microyield point Cl- 
(a) variations in dislocation density within grains, 
(b) tangles near carbide particles. 
A’ 
x20,000; 
Fig. 19. Examples o f  dislocation clusters and cell 
structure developed in annealed 0.09 wt.%C 
alloy o n  tensile prestraining 6.5%. X15,OOO. 
Fig.  20. Dislocation clusters (cell structure) in 0.09 wt.%C 
alloy subjected to 20 kilobars and subsequently 
tensile prestrained 5.3%; (a) X30,000, (b) X15,OOO. 
